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Abstract
Background: Effective malaria vector control targeting indoor host-seeking mosquitoes has resulted in fewer vectors
entering houses in many areas of sub-Saharan Africa, with the proportion of vectors outdoors becoming more
important in the transmission of this disease. This study aimed to develop a gravid trap for the outdoor collection of
the malaria vector Anopheles gambiae s.l. based on evaluation and modification of commercially available gravid
traps.
Methods: Experiments were implemented in an 80 m2 semi-field system where 200 gravid Anopheles gambiae s.s.
were released nightly. The efficacy of the Box, CDC and Frommer updraft gravid traps was compared. The Box
gravid trap was tested to determine if the presence of the trap over water and the trap’s sound affected catch size.
Mosquitoes approaching the treatment were evaluated using electrocuting nets or detergents added to the water in
the trap. Based on the results, a new gravid trap (OviART trap) that provided an open, unobstructed oviposition site
was developed and evaluated.
Results: Box and CDC gravid traps collected similar numbers (relative rate (RR) 0.8, 95% confidence interval (CI)
0.6–1.2; p = 0.284), whereas the Frommer trap caught 70% fewer mosquitoes (RR 0.3, 95% CI 0.2–0.5; p < 0.001).
The number of mosquitoes approaching the Box trap was significantly reduced when the trap was positioned over a
water-filled basin compared to an open pond (RR 0.7 95% CI 0.6–0.7; p < 0.001). This effect was not due to the
sound of the trap. Catch size increased by 60% (RR 1.6, 1.2–2.2; p = 0.001) with the new OviART trap.
Conclusion: Gravid An. Gambiae s.s. females were visually deterred by the presence of the trapping device directly
over the oviposition medium. Based on these investigations, an effective gravid trap was developed that provides
open landing space for egg-laying Anopheles.
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Introduction
Vector control plays a central role in the prevention of
malaria [1–5]. Monitoring vector populations and assessment of
disease risk are among the key elements of vector
management strategies [6–9]. So far various tools have been
developed and utilized for sampling mosquito vectors and the
pathogens they transmit [10–13]. In sub-Saharan Africa (SSA)
the most commonly used sampling methods for malaria vectors
are human landing catches, CDC light traps, and pyrethrum
spray collections which are excellent for sampling host-seeking
and indoor resting mosquitoes [14–16]. Effective vector control
targeting host-seeking and resting mosquitoes indoors has
resulted in a reduction in the number of mosquitoes entering
and resting in houses [11,17–24] rendering some of these tools
less effective for monitoring potential vector populations [25].
Collecting malaria vectors outdoors becomes increasingly
important as surveillance tools; and effective traps might even
be used for control purposes [26]. To date outdoor vector
collections target either resting populations with pit trap [27,28],
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pot traps [13], resting boxes [29] and aspirator collections or
host-seeking mosquitoes with animal-baited traps [13,30,31],
human baited tent traps [32] or human landing catches [14,16]
and, more recently, odour-baited MM-X traps [33]. In general,
outdoor sampling is far more challenging than indoor sampling
since the outdoor vector population is more dispersed over the
landscape. Resting catches often underestimate actual vector
densities [19] and odour-baited traps only target a proportion of
the host-seeking population (either attracted to animals or to
humans). Furthermore, animal or human-baited traps are
complicated to organise and are inappropriate for using on a
large scale.
Gravid traps would provide an important and novel sampling
tool for sampling both endophilic and exophilic vector
populations in search of an oviposition site, a grossly
understudied phase in the life cycle of Anopheles mosquitoes.
Gravid mosquito traps are designed to catch gravid females in
search of an aquatic habitat. Such traps are used routinely for
the surveillance of Culex and Aedes vectors [34,35] but not for
gravid Anopheles gambiae s.l., the major malaria vector in
SSA, Harris and collegues [36] have recently developed the
first sampling tool for this species consisting of a transparent
acetate sheet coated with insect glue that is placed on the
water surface on the edge of a natural habitat. Their pilot study
in an area of high vector densities showed that gravid culicines
and anophelines in search of an oviposition site landed and got
stuck on the transparencies [36]. Further studies need to
confirm the effectiveness of this sticky transparency in areas of
low mosquito and habitat densities. Here we were interested to
evaluate suction traps that sample mosquitoes alive, that
provide the opportunity to be moved around and do not depend
on the presence of natural habitats. The first was developed by
Reiter in 1983 [37] to collect gravid Culex and Aedes
mosquitoes for West Nile virus isolation [34,38,39] and many
gravid mosquito traps have been developed and modified since
then [38,40,41]. Among these, the CDC gravid trap Model
1712, commonly referred to as CDC gravid trap, the CDC
gravid trap Model 1719 commonly referred to as Frommer
updraft gravid trap and the Box gravid trap (also referred to as
Reiter-Cummings gravid trap) [38] are commercially available.
These widely used traps are suction traps for the collection of
live, gravid culicines [38,40]. However, to our knowledge, none
of these have been purposely evaluated for collecting An.
gambiae s.l. nor anophelines in general.
Here we aimed to investigate the factors that impact on the
catching efficiency of these commercially available traps.
Based on the results a new prototype gravid trap for the
collection of malaria vectors was developed.
Materials and Methods
Study area
The study was carried out using a semi-field system [42]
located at the International Centre of Insect Physiology and
Ecology, Thomas Odhiambo Campus (icipe-TOC), Mbita, on
the shores of Lake Victoria, Kenya (0o 26’ 06.19’’S, 34o 12’
53.13’’ E; altitude 1,137m above sea level). This area is
characterised by a consistent tropical climate with an average
minimum temperature of 18°C and an average maximum
temperature of 28°C (based on data from icipe-TOC
meteorological station for 2010-2012). The area experiences
two rainy seasons, the long rainy season between March and
June and the short rainy season between October and
December. The average annual rainfall for 2010-2012 was
1,436mm.
The semi-field system and study design
The semi-field system was a screened building 7.1 m wide,
11.4 m long and 2.8 m high at the wall and 4.0 m high at the
highest point of the roof. The two opposite shorter (7.1m wide)
walls and roof were made of glass and the two long walls were
screened with black fibre glass netting gauze (1.7 × 1.5 mm).
The floor was covered with sand to a depth of 30 cm so that
artificial aquatic habitats could be dug into the ground to
simulate a natural larval habitat for the An. gambiae s.s.
mosquitoes [43]. To increase the relative humidity inside the
semi-field system to 60-70% the sand floor was watered from
15:00-16:00 h prior to the experiment. Care was taken to
ensure that no pooling of water occurred on the floor and that
the upper layer of sand was dry when the mosquitoes were
released. Treatments were positioned in the corners of the
semi-field system at a distance of 1.5 m from the two adjacent
walls (site 1-4) and mosquitoes released from the centre (site
5; Figure 1). Experiments were conducted using randomized
complete block designs (RCBD) and replicated for 12 nights.
The number of replications was based on sample size
considerations for comparing proportions of clustered data [44].
The preliminary data for this were generated by setting two
identical artificial ponds in opposite corners of the semi-field
system. The water in the ponds was treated with detergent as
described in detail by Dugassa and colleagues [43]. Two
hundred visually presumed gravid females (see details below)
were released in the evening and the number of mosquitoes
drowned in each pond was counted the next morning. This was
done for 12 nights. The results showed that when presented
with an identical treatment the gravid females approached both
ponds in an equal proportion (p1=0.5). The variability of the
nightly catches was used to calculate the coefficient of variation
(ratio of standard deviation/mean) which was 0.26. At this ratio,
replication of the experiment over 12 nights, assuming 100
responders out of 200 released mosquitoes per night, had 80%
power to detect an increase or decrease in the catch rate of
20% (p2=0.7) at the 5% level of significance. This level of
accuracy was appropriate for developing new traps for gravid
An. gambiae s.s.. since we were looking to develop traps that
were markedly better at collecting gravid mosquitoes than
established traps, thus were interested in designs that
increased trapping by at least 20%.
Mosquitoes
Insectary-reared An. gambiae s.s. mosquitoes were used
throughout. Gravid mosquitoes were prepared as follows; 300
female and 300 male mosquitoes, two to three days old, were
selected from the rearing cages at midday and kept in 30 cm ×
30 cm × 30 cm netting cages at ambient conditions of 25-28°C
and a relative humidity of 68-75%. Water saturated cotton
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towels (50 x 25cm) were folded and placed over the cages to
avoid mosquito desiccation. Mosquitoes were starved of sugar
for seven hours prior to blood feeding and allowed to feed on a
human arm for 15 minutes at 19.00h on the same day. The
same procedure was repeated 24 hours later. After the first
blood meal unfed female mosquitoes were removed from the
cages. After feeding mosquitoes were provided with 6%
glucose solution ad libitum. Fed female mosquitoes were kept
together with males for two days after the second blood meal
before they were utilised in an experiment (i.e. females 4-5
days after first blood meal). At 16.30 h at the day of experiment
200 females with an enlarged, pale white abdomen were
collected from the holding cage and visually presumed gravid
(henceforth referred to as gravid females). A small proportion
of these mosquitoes might not have been gravid because most
females need two blood meals to reach full gravidity [45] and
some never reach full gravidity even after three feeds [46].
Whilst we provided two meals we cannot guarantee that two
meals were taken by all females.
Gravid Traps
The Box gravid trap (BioQuip, Rancho Dominguez, CA),
CDC gravid trap (John W. Hock Company, Gainesville, FL))
and Frommer updraft gravid trap (John W. Hock Company,
Gainesville, FL) were used in this study. These traps attract
egg-laying females to a water-based oviposition medium added
to bowls below the trapping device. The bowls’ size varied
slightly between different trap models. According to the
manufacturers’ recommendations oviposition medium was filled
in the bowls to a level of about 3 cm below the opening of the
intake ducts. This is equivalent to 8 L of oviposition medium in
the Box gravid trap, 6 L in the CDC and 5 L in the Frommer
trap. All traps operate by drawing air from the surface of the
bowls and distributing any volatile chemicals associated with
the oviposition medium, including water vapour, to the
surrounding of the traps. Depending on the design of the trap
and the location of the air intake duct, the air plume varies
amongst the traps [40,47]. In all traps mosquitoes are sucked
into a collection chamber while they evaluate the potential
oviposition site and prepare to lay eggs. The collection
chambers are found on top of a suction tube in the Box and
Frommer updraft gravid traps to avoid exposure of mosquitoes
Figure 1.  Schematic drawing of the dimension of the
semi-field system, the treatment sites (1–4) and release
point (site5).  
doi: 10.1371/journal.pone.0068948.g001
to the aspiration fan. However, the collection chamber of the
CDC gravid trap is placed above the aspiration fan [38,40] so
that some mosquitoes are damaged by the rotating fan [48,49].
The water basins of the traps are usually placed on the ground
for collection of Aedes and Culex mosquitoes (Figure 2A, B, C)
which will readily lay eggs in containers. However, An. gambiae
s.l. usually prefer natural habitats so here we aimed to reduce
the container impression by sinking the bowls in to the ground
for all experiments, where we refer to the water-filled bowls as
ponds (Figure 2D).
Figure 2 shows the three traps. The Box gravid trap was set
up by fitting the anti-spread bars that are found under the
horizontal exhaust tube to the black bowl (16.5 L volume, 44
cm long, 34 cm wide and 12 cm deep). The black conducting
duct with the large ‘O’ ring around it was placed into the hole at
the bottom of the case. The wire screen of the collecting
chamber was placed on the outside of the collecting duct with
the intake screen facing the exhaust tube. The CDC gravid trap
was set up by placing the aluminium supports of the trap on the
rim of the pan (24 L volume, 44 cm long, 34 cm wide and 17
cm deep) and slipping the collection bag over the upright tube.
The sleeve was slipped downwards towards the aluminium
supports until the bottom of the bag rested on the top end of
the trap. Setting up the Frommer updraft gravid trap involved
fitting the rain shield with aspiration fan to the trap and setting it
into the base stand. The parts were attached tightly. The base
stand was placed in the black pan (24 L volume, 44 m long, 34
cm wide and 17 cm deep) so that the feet rested inside the
tray.
For all experiments piped non-chlorinated water from Lake
Victoria was filtered through a sand-charcoal filter and used in
the containers of the traps as oviposition medium. All the gravid
traps were operated by a fully charged 6 volt 12 Ah battery
(Universal battery UB6120). Experiments were started at 17.30
h by releasing 200 gravid mosquitoes at the centre (site 5) of
the semi-field system and stopped at 8.00 h the following day.
Any live mosquitoes remaining in the semi-field system were
removed and killed. The collection chambers from the traps
were kept in a freezer for 30 minutes to kill the mosquitoes.
Trap comparison
In the first experiment the trapping efficacy of the Box gravid
trap, CDC and Frommer updraft gravid trap was compared. In
addition to the three traps an open pond made of a similar bowl
but without a trapping device was set up in the semi-field
system. The open pond was positioned in the same site each
night (site 4). Traps were rotated over the 12 nights between
sites 1, 2 and 3. The purpose of the open pond was to serve as
a reference to compare mosquito responses from night to night
and to compare the relative attractiveness of a ‘natural’ water
body with ones that had gravid traps. The number of
mosquitoes trapped in the collection chambers of the traps and
the number of eggs laid in each pond was recorded nightly. To
count the number of eggs the water from the bowls was filtered
through a filter paper (Fisherbrand, QL 125) using a water
suction vacuum pump. The bowls were rinsed with additional
water and white filter paper passed slowly along the edges of
the bowls to detect any more eggs that might have remained
after rinsing.
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Trapping efficacy of the Box gravid trap
After the first experiment the Box gravid trap was chosen for
further evaluation to investigate factors that might affect catch
size. Experiments were designed to assess if the position of
the Box trap on top of the pond or the sound of the fan affected
the number of gravid females that approach the trap. In the
following experiments, 8L filtered-lake water was used to
prepare the ponds.
The first experiment had a fully-functional Box gravid trap in
one corner of the semi-field system (Figure 3A) and an open
pond (pond alone without trapping device) in the opposite
corner (Figure 3B). In the second experiment the fan of the Box
gravid trap was switched off to assess if the sound of the trap
affected the number of gravid Anopheles mosquitoes
approaching the pond. Here we compared a non-functional Box
trap with an open pond in the opposite corner of the semi-field
system. In both experiments treatments were rotated between
all sites (site 1-4). To analyse the orientation of gravid females
towards either of the ponds they were surrounded by a
complete square of electrocuting nets (Figure 3). The adjacent
wires of the nets were powered by a 12 V 50 Ah lead acid
battery (Chloride Exide Ltd, Kenya) via a spark box (Alan
Cullis, South Africa) adjusted to a low spark energy setting that
did not produce any sound or spark but killed the mosquitoes
that touched the net while approaching the pond. A detailed
description of the electrocuting nets and spark box
specifications can be found in a recent publication [43]. Yellow
sticky films mounted on strips of cardboard served as collection
Figure 2.  Set up of three gravid traps.  (A) CDC gravid trap, (B) Frommer updraft gravid trap; (C) Box gravid trap. i) aluminium
supports, ii) collection bag, iii) upright tube, iv) pan, v) rain shield, vi) base stand, vii) horizontal exhaust tube, viii) anti-spread bar;
(D) Box gravid trap lowered into ground in semi-field system.
doi: 10.1371/journal.pone.0068948.g002
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boards (Figure 3). These were placed under each net outside
the closed square (50 x 60 cm) and in the gaps between the
two longer sides of the bowls and the net (53 x 7 cm). The
number of mosquitoes approaching either pond was estimated
by counting the number on the net and on the collection
boards.
Development of a new gravid trap (OviART gravid trap)
Results from previous experiments indicated that the
presence of a Box on top of a pond affected the number of
gravid females approaching this pond. Therefore we moved the
Box trap from directly above the water of the pond to one side
of the pond on the sand. The Box trap was positioned 50 cm
from the edge of a pond and compared with an open artificial
pond. The trap was not switched on as the aim was to test if
the removal of the Box from the surface of the pond to the side
would improve mosquitoes’ approach to the pond or if the
presence of a box close to the pond would also deter
mosquitoes. To quantify the number of mosquitoes visiting the
two ponds 200 ml detergent (Teepol Industries LTD, Nairobi)
was added to the water of each pond [43].
Based on our findings from the above experiments we
constructed a new prototype gravid trap (‘OviART gravid trap’
named after the research project funding this work on
Oviposition of Anopheles gambiae: Attractants, Residual
larvicides and Traps) where the collection chamber and fan
were positioned on one side of the pond (Figure 4). A black
round bucket (20 cm high and 30 cm in diameter) filled with 8 L
of filtered-lake water served as oviposition site. An oval slit (13
cm wide and 5 cm high) was cut 5 cm below the lip of the
bucket into which a collapsible pipe (30 cm long and 10.2 cm in
diameter) was inserted. This pipe was connected to a collection
chamber made out of a water plastic bottle as described below.
At the end of the collection chamber another 30 cm collapsible
pipe and a fan of 12 V and 0.38 Ah current output (as opposed
to 6 V and 0.1 Ah of the Box gravid trap) was fixed to create
strong air suction. A strong suction of air from the entire water
surface was needed to compensate for the reduction in airflow
as a result of moving the suction point from above the pond to
the side. The fan sucked air into a collection chamber (20 cm
long and 10 cm in diameter) which was prepared from a plastic
water bottle of 1 L volume and black fiber glass netting gauze
(1.7 mm × 1.5 mm mesh size). A piece of netting gauze (15
cmx15 cm) was cut and prepared into a conical funnel with a
2.5 cm wide hole at the narrower end and 10 cm at the wider
end. It was then fixed at the inlet side of the water bottle with
the narrower opening of the funnel positioned inside the bottle.
This narrow inlet minimized risk of escape of mosquitoes even
when the power stopped due to battery failure. Another piece
of the gauze (18 cm × 18 cm) was cut and tied to the opposite
side of the bottle towards the fan (Figure 4).
The OviART gravid trap was set by sinking the water-filled
bucket into the ground so that the lip of the bucket was flush
with the sand surface. The suction tube was buried in the sand
leaving only the end with the fan exposed above the soil in
order to let airflow freely (Figure 5). Gravid mosquitoes passed
through this tube into the collection chamber. The fan was
Figure 3.  Box gravid trap (A) and open pond (B) surrounded by a square of electrocuting nets.  
doi: 10.1371/journal.pone.0068948.g003
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powered by a 12 V 50 Ah lead acid battery (Chloride Exide Ltd,
Kenya). The trapping efficacy of the OviART gravid trap was
compared with the Box gravid trap in two choice bioassays.
The number of mosquitoes caught in the traps and the number
of eggs in the ponds was recorded.
In a final step a single OviART prototype trap was tested
nightly for 12 nights in a semi-field system. The intention was to
determine the proportion of released An. gambiae s.s. that
could be collected by the trap. The trap was rotated randomly
between all four sites in the semi-field system. The number of
mosquitoes trapped was recorded.
Data analysis
The data were analysed using generalized linear mixed
effects models. The analyses were done with R statistical
software version 2.14.2 including the contributing packages
MASS, lme4, glht and multcomp [50]. Previous experiments
[43] have shown that mosquito responses are highly variable
between different batches of mosquitoes and between different
sites in the greenhouse irrespective of the test treatments.
Therefore, the night of experiment (same batch of mosquitoes)
and location (site) where the traps were placed in the semi-field
system were included in the models as random factors. To
adjust for excess variation between rows (data points)
recording the number of trapped mosquitoes (overdispersion) a
factor was created with a different level for each row of the data
set and also included as a random factor in the model. The
experimental treatments were entered as fixed effects. A
Poisson distribution of the data with a log link function were
used. All mean counts per treatment and their 95% confidence
intervals (CIs) were calculated as the exponential of the
parameter estimates for models with no intercept included [51].
Similarly, multiple comparisons of treatments were calculated
based on the model parameter estimates.
Results
Trap comparison
An. gambiae s.s. females were caught in all three traps in the
semi-field system (Figure 6), but the total mean number
trapped per night was low (59.3, 95% CI 50.3–70.0) i.e. <30%
of released mosquitoes were recovered by the three traps. The
Figure 4.  Ovi-ART gravid trap prototype.  (A) Trap parts: i) round black bucket, ii) suction tube prepared from collapsible plastic
pipe, iii) collection chamber prepared from plastic bottle and fiber glass netting gauze, iv) fan (12V, 0.38A), v) electric cable, vi) 12V
battery. (B) Collection chamber backside towards fan. (C) Collection chamber entry funnel.
doi: 10.1371/journal.pone.0068948.g004
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Box gravid trap and the CDC gravid trap collected similar
numbers of mosquitoes (RR 0.8, 95% CI 0.6–1.2; p= 0.284). In
contrast, it was 70% less likely to collect a mosquito with the
Frommer updraft gravid trap (RR 0.3, 95% CI 0.2–0.5; p <
0.001) compared with the other two traps (Figure 6). On
average, 858 (95% CI 570-1291) eggs were collected from the
open pond per day, indicating that the low catch numbers in the
traps were not because released mosquitoes did generally not
respond due to environmental factors or because they were not
gravid. Rather it appears that the females preferred to
approach the open pond than a pond with a trap on top. Only
few and similar numbers of eggs were found in ponds with
traps (average for all three traps combined 125.1 (95% CI
82.8–189.0). This implies that most females that approached
the pond were sucked into the trap before getting an
opportunity to lay eggs, so low catch sizes are probably not
due to weak suction of the fans.
Trapping efficacy of the Box gravid trap
Based on the trap comparisons the Box gravid trap was
selected for further evaluation in the following series of
experiments since it caught the greatest number of mosquitoes
and provided protection for battery, cables and mosquitoes
which would be an added advantage when used in the field
during wet weather [38,40].
The number of mosquitoes approaching the Box gravid trap
was reduced by 30% compared to the number that approached
the open pond, irrespective of whether the trap was switched
on, creating a distinct sound, or switched off and silent (Table
1). This suggested that the presence of the Box on top of the
pond deterred mosquitoes from approaching the site and led to
the next experiment.
Development of a new gravid trap
A test was designed where the number of mosquitoes that
visited a pond with a Box gravid trap set next to it was
Table 1. Results of the statistical analyses of the individual
experiments implemented to develop a new gravid trap for
Anopheles gambiae s.s.
Treatment Mean (95% CI)* RR (95% CI) p
Response of gravid An. gambiae s.s. to a pond with an operating Box gravid
trap
Pond only 62.1 (40.2–95.8)  1  
Trap over pond 40.1 (25.9–62.1) 0.7 (0.6–0.7) < 0.001
Response of gravid An. gambiae s.s. to a pond with a soundless Box gravid
trap
Pond only 51.2 (39.6–66.1)  1  
Soundless trap over
pond 36.9 (28.4–47.9) 0.7 (0.6–0.8) <0.001
Response of gravid An. gambiae s.s. to a pond with a Box gravid trap next to
it
Pond only 32.5 (22.8–46.5)  1  
Trap next to pond 33.4 (23.4–47.7) 1.0 (0.9–1.2) 0.693
Comparison of trapping efficacy of the prototype OviART gravid trap and the
Box gravid trap
Box gravid trap 25.2 (19.1–33.3)  1 -
OviART gravid trap 41.3 (31.6–53.9) 1.6 (1.2–2.2) 0.001
CI = confidence interval
RR = relative rate
* predicted by using the parameter estimates of the mixed effects model.
Figure 5.  The OviART gravid trap set up.  Trap was set by sinking the water-filled bucket into the ground so that the lip of the
bucket was flush with the sand surface. The suction tube was buried in the sand leaving only the end with the fan exposed above
the soil in order to let airflow freely.
doi: 10.1371/journal.pone.0068948.g005
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compared with a pond without a trap. Similar numbers of
females visited the two ponds (Table 1).
Based on the analyses of factors that affected the approach
of gravid An. gambiae s.s. to a Box gravid trap a prototype of a
new gravid trap (OviART gravid trap) was developed. Here the
catching device was moved to the side of the pond; 60% more
An. gambiae s.s. were collected by the OviART gravid trap
prototype than the Box gravid trap (Table 1). A large difference
was found in the egg numbers recovered from the ponds of the
two traps. Eggs were only found on three out of the 12
collection nights in the pond of the new OviART trap (in total 87
eggs). In contrast, eggs were found nightly and nearly 19 times
more eggs (total 1652) were laid in the pond of the Box gravid
trap over the 12 nights period. When evaluated alone, the
OviART prototype recollected approximately one third of the
released mosquitoes in the single choice bioassay (31.9%,
95% CI 20.4-46.4%).
Discussion
In the situation where gravid An. gambiae s.s. females had a
choice to oviposit in an open pond or in ponds with a trap on
top <30% of the released mosquitoes were collected by the
three commercially available gravid traps in the semi-field
system. The Box and CDC gravid traps showed similar efficacy
whilst the Frommer updraft gravid trap trapped relatively few
mosquitoes. The extremely low efficacy of the Frommer updraft
gravid trap may be due to its physical features since the base
of this trap stands inside the water-filled basin. To be trapped,
mosquitoes have to fly under the base of the trap that is only
about 3 cm above the water surface. The lower volume of
water as compared to the other traps might have also
contributed to the lower catch size due to a lower release of
water vapour. The low efficacy of this trap is consistent with
recent observations by Irish et al. [47] for Culex
quinquefasciatus.
It is interesting to note that the overall catching efficacy of the
CDC and Box gravid trap under semi-field conditions falls into
Figure 6.  Mean Anopheles gambiae s.s catch sizes of
CDC, Frommer updraft and Box gravid traps.  Error bars
equal the 95% confidence intervals; 200 gravid females were
released in semi-field system per night for 12 nights.
doi: 10.1371/journal.pone.0068948.g006
the same range as reported for gravid culicine mosquitoes
where recollections were highly variable and between 22% and
63% of the released mosquitoes [38,52,53]. However, it is
difficult to make direct comparisons between the efficacy of
these traps for culicine and anopheline mosquitoes since (1)
our semi-field system had a much greater volume than those
used for culicines [38,40], (2) unlike the experiments for
culicines which use attractive infusions and semiochemicals
there are no confirmed attractants for An. gambiae s.s.
available and (3) in our trap comparison the open pond
competed with the traps and therefore might have diverted a
proportion of the mosquitoes and reduced the number of
mosquitoes approaching each trap.
There are very few reports of the trapping efficacy of
commercially available gravid traps for collection of An.
gambiae s.l., or any other anopheline species in the field and
surprisingly none of these were set intending to collect malaria
vectors. Nevertheless, there is a notion that these traps might
be less suitable for anophelines than for culicines based on the
actual trapping results [47,54]. This has to be cautiously
interpreted because most gravid traps are used to collect
culicine females and were baited with a range of fermented
plant infusions which might repel malaria vectors which are
generally associated with less strongly polluted water [55–57].
The only indication that it might be possible to sample malaria
vectors with commercially available gravid traps comes from
the work of Muturi and colleagues [54]. In outdoor collections in
a rice agro-ecosystem they collected approximately 5-6 gravid
anophelines each night with a grass-infusion baited CDC
gravid trap compared with 18-20 host-seeking anophelines in a
CO2-baited CDC light trap [54]. Since host-seeking collections
are usually higher than others [19], this ratio is encouraging for
the development of a gravid trap for malaria vectors. Fresh
water instead of grass-infusion might have increased the
trapping result for anophelines in this study.
In our study the Box gravid trap was selected for further
evaluation since its compact design meant that the internal
parts were well protected from the elements, which would be
an advantage during the rainy seasons, but it was found that
the approach of gravid females was significantly reduced when
the Box trap was positioned directly over a pond, compared to
a pond alone. This effect was not due to the sound of the trap
and the removal of the trapping device off the pond confirmed
that the females were visually deterred by the presence of the
trapping device directly on the oviposition medium.
Previous work has shown that An. gambiae mosquitoes first
evaluate a potential larval habitat before making a decision to
lay eggs [57–62]. The decision to lay eggs might be based on
visual or chemical cues or a combination of both [63].
Mosquitoes in flight depend on optical inputs to orient
themselves, identify and access a target [64–67]. Visual cues
are believed to be long range cues important for gravid
mosquitoes to identify different habitats and specific oviposition
site characteristics before they evaluate the habitat using
chemical signals received by olfactory receptors,
hygroreceptors and contact chemoreceptors [63,68–71]. The
visual parameters include shape, size, contrast, light quality
and intensity, texture and colour of a pond [58,62,63,72–76].
An. gambiae s.s. prefers open sunlit habitats [59,77–79] and
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avoids habitats densely covered by vegetation that create
obstacles to oviposition [55,62,80]. A recent study suggested
that shiny sticky film attracted An. gambiae s.s. due to its close
resemblance to water [43]. This phenomenon was also
exploited by Harris and colleagues who developed a simple
collection device for gravid mosquitoes using a transparent
acetate sheet coated with insect glue placed to float on the
edge of natural aquatic habitats [36].
The most likely reasons that the Box trap does not attract
many gravid females are because the pond is too shady and
the large trap over the water surface impedes their pre-
oviposition flight. The new OviART gravid trap provided female
An. gambiae s.s. with an open oviposition site which improved
the catch size by 60% compared to the Box gravid trap. When
the OviART trap was evaluated alone, approximately one third
of all released mosquitoes were trapped. This corresponds well
with observations we made previously when studying (1) gravid
females’ approach towards an artificial pond surrounded by
complete square of electrocuting nets and (2) the numbers of
mosquitoes drowned in an artificial pond treated with detergent
[43]. The absence of eggs in the pond of the new trap during
most of the nights also indicates that the great majority of the
females that approach the ponds with the intention to lay eggs
got sucked into the collection chamber.
The disadvantage of the OviART prototype trap is that the
collection device and the battery are less protected from the
elements compared to the Box gravid trap. Nevertheless,
modifications might be possible to improve the design by
providing a casing for both the collection device and battery.
Furthermore, to power the stronger fan needed to suck
mosquitoes from the entire water surface a larger battery was
required that makes the trap more difficult to transport and
increases the risk of theft when used outdoors. The strong
suction in the trap, forcing mosquitoes into the netting at speed,
probably contributed to some of the mosquitoes found dead in
the trap. Since collection of undamaged gravid females is
advantageous for the isolation of a number pathogens (other
than malaria parasites that can be identified from dry
specimen) [38,40,48,49] future modifications should aim to
improve the survival of mosquitoes in the trap. Future work
should also evaluate the airflow of the trap and its impact on
attracting mosquitoes. Sucking the air from above the water
surface through the collapsible pipe channels potential volatile
chemicals from the water surface to the side of the pond, which
might affect the response towards the trap especially if
attractant semiochemicals were used [47,81]. To increase user
safety and longevity a gel battery should be considered in
future instead of a lead acid battery. Whilst the required battery
is expensive (approximately $100–120) all the other parts can
be made from locally available plastic ware and electrical
supplies. Costs for the entire trap are estimated to be less than
$150, which is still cheaper than the commercially available
Box gravid trap ($192) [82] but significantly more expensive
than simple catching devices as the sticky transparency [36] or
simply a pond treated with detergent which has shown to work
well under semi-field conditions [43]. The advantages of the
OviART gravid trap are: (1) that gravid females are caught alive
which eases species identification and provides potential for
pathogen identification other than malaria; (2) that the trap
does not depend on the presence of natural habitats but can be
moved around and located close to human habitation or close
to aquatic habitats depending on the research question, and (3)
that environmental conditions (e.g. rain, dust, predation) are
less prone to affect the catch size and quality of specimen than
with sticky material and detergents. The trap may be further
improved should attractive semiochemicals be discovered for
Anopheles gambiae s.l. that could be added to the water
increasing the traps competitiveness with natural habitats.
Conclusion
The three commercially available gravid traps tested in this
study were specifically developed for collecting culicine
mosquitoes that differ greatly in their oviposition behaviour from
the malaria vector An. gambiae s.s. [59,83]. Nevertheless, the
Box and CDC gravid trap caught consistent numbers of this
species under semi-field conditions but their performance was
not considered satisfactory enough to evaluate them under
field conditions. The present work revealed that gravid An.
gambiae females were visually deterred by the presence of the
trapping device directly on the oviposition medium. Based on
these investigations, a gravid trap was developed that provides
open landing space for egg-laying female mosquitoes which
improved the catch size by 60% compared to the Box gravid
trap. The efficacy of this prototype trap under semi-field
conditions is promising and warrants further investigations to
further improve the catch size by modifying the fan suction, the
size of the oviposition bowl, and physical characteristics of the
trap (e.g. include visual contrast), and to improve the physical
structure of the trap and its components to reduce costs and
increase durability.
Field evaluations under different ecological conditions have
to be carried out to confirm the trapping efficacy since semi-
field systems are limited by their size, which does not allow us
to study the natural completion of long-range kinesis.
Furthermore, field tests are needed to assess how competitive
the OviART gravid trap will be in the field especially in areas
with extensive aquatic habitats and during rainy seasons.
Nevertheless, previous studies have shown that similar artificial
habitats made of plastic tubs buried into the ground are well
accepted by anophelines in areas with high habitat density and
get colonised rapidly and densely during dry and rainy seasons
[84–86]. An effective gravid trap for malaria vectors will not only
be useful for monitoring population densities but also enables
studies of vector dispersal in search of aquatic habitats, an
area of research that has received very little attention to date
[87,88].
Acknowledgements
We would like to thank David Alila, Peter Ongele and Jackton
Arija from the insectary at icipe-TOC, Mbita for providing
mosquitoes for experiments and Bernard Oyembe, Gregory
Masinde, Elizabeth Masinde, Rose Emelda and Paul Ouma for
technical assistance. We thank Steve Torr for valuable
comments on the study design.
Development of a Gravid Trap for Malaria Vectors
PLOS ONE | www.plosone.org 9 July 2013 | Volume 8 | Issue 7 | e68948
Author Contributions
Conceived and designed the experiments: UF JL SD SWL
WRM FO. Performed the experiments: SD. Analyzed the data:
SD UF. Wrote the manuscript: SD UF SWL JL.
References
1. Greenwood BM (2008) Control to elimination: implications for malaria
research. Trends Parasitol 24: 449-454. doi:10.1016/j.pt.2008.07.002.
PubMed: 18760671.
2. Enayati A, Lines L, Maharaj R, Hemingway J (2009) Suppressing the
vector. In: RGA FeachemAA PhillipsGA Targett. Shrinking the malaria
Map: A pospectus on malaria elimination. On behalf of the Malaria
Elimination Group. San Francisco: University of Carolinia. pp. 140-154.
3. Mendis K, Rietveld A, Warsame M, Bosman A, Greenwood B et al.
(2009) From malaria control to eradication: The WHO perspective. Trop
Med Int Health 14: 802-809. doi:10.1111/j.1365-3156.2009.02287.x.
PubMed: 19497083.
4. Mutero CM, Schlodder D, Kabatereine N, Kramer R (2012) Integrated
vector management for malaria control in Uganda: knowledge,
perceptions and policy development. Malar J 11: 21. doi:
10.1186/1475-2875-11-S1-O21. PubMed: 22243516.
5. WHO (2006) Malaria vector control and personal protection. WHO Tech
Rep S, 936: 1-62.
6. WHO (2009) Development of a global action plan for integrated vector
management (IVM). Report of a WHO Consultation
(WHO/HTM/NTD/VEM/2009.1), Geneva. 1-24.
7. WHO (2004) Global strategic framework for integrated vector
management. WHO/CDS/CPE/PVC/2004.10), Geneva
8. WHO (2012) Guidance on policy-making for integrated vector
management. WHO/HTM/NTD/VEM/2012.2), Geneva,Suitzerland
9. Beier JC, Keating J, Githure JI, Macdonald MB, Impoinvil DE et al.
(2008) Integrated vector management for malaria control. Malar J, 7
Suppl 1: S4-. doi:10.1186/1475-2875-1187-S1181-S1184. PubMed:
19091038. PubMed: 19091038
10. Service MW (1977) A critical review of procedures for sampling
populations of adult mosquitoes. Bull Entomol Res 67: 343-382. doi:
10.1017/S0007485300011184.
11. Oyewole IO, Awolola TS, Ibidapo CA, Oduola AO, Okwa OO, et al
(2007) Behaviour and population dynamics of the major anopheline
vectors in a malaria endemic area in southern Nigeria. J Vector Borne
Dis 44: 56-64
12. Mahande A, Mosha F, Mahande J, Kweka E (2007) Feeding and
resting behaviour of malaria vector, Anopheles arabiensis with
reference to zooprophylaxis. Malar J 6: 100. doi:
10.1186/1475-2875-6-100. PubMed: 17663787.
13. Odiere M (2007) Sampling outdoor, resting Anopheles gambiae and
other mosquitoes (Diptera: Culicidae) in Western Kenya with clay pots.
J Med Entomol 44: 14-22. doi:
10.1603/0022-2585(2007)44[14:SORAGA]2.0.CO;2. PubMed:
17294916.
14. Dia I, Diallo D, Duchemin JB Y, Konate L, et al (2005) Comparisons of
human-landing catches and odor-baited entry traps for sampling
malaria vectors in Senegal. J Med Entomol 42: 104-109. doi:
10.1603/0022-2585(2005)042[0104:COHCAO]2.0.CO;2. PubMed:
15799517
15. Ndiath MO, Mazenot C, Gaye A, Konate L, Bouganali C et al. (2011)
Methods to collect Anopheles mosquitoes and evaluate malaria
transmission: a comparative study in two villages in Senegal. Malar J
10: 270. doi:10.1186/1475-2875-10-270. PubMed: 21929747.
16. Duo-quan W, Lin-hua T, Zhen-cheng G, Xiang Z, Man-ni Y et al. (2012)
Comparative evaluation of light-trap catches, electric motor mosquito
catches and human biting catches of Anopheles in the Three Gorges
Reservoir. PLOS ONE 7: e28988. doi:10.1371/journal.pone.0028988.
PubMed: 22235256.
17. Bayoh MN, Mathias DK, Odiere MR, Mutuku FM, Kamau L et al. (2010)
Anopheles gambiae: historical population decline associated with
regional distribution of insecticide-treated bed nets in western Nyanza
province, Kenya. Malar J 9: 62. doi:10.1186/1475-2875-9-62. PubMed:
20187956.
18. Derua YA, Alifrangis M, Hosea KM, Meyrowitsch DM, Magesa SM et al.
(2012) Change in composition of the Anopheles gambiae complex and
its possible implications for the transmission of malaria and lymphatic
filariasis in north-eastern Tanzania. Malar J 11: 188. doi:
10.1186/1475-2875-11-188. PubMed: 22681999.
19. Tirados I, Costantini C, Gibson G, Torr SJ (2006) Blood-feeding
behaviour of the malarial mosquito Anopheles arabiensis: implications
for vector control. Med Vet Entomol 20: 425-437. doi:10.1111/j.
1365-2915.2006.652.x. PubMed: 17199754.
20. Russell TL, Govella NJ, Azizi S, Drakeley CJ, Kachur SP et al. (2011)
Increased proportions of outdoor feeding among residual malaria vector
populations following increased use of insecticide-treated nets in rural
Tanzania. Malar J 10: 80. doi:10.1186/1475-2875-10-80. PubMed:
21477321.
21. Takken W (2002) Do insecticide-treated bednets have an effect on
malaria vectors? Trop Med Int Health 7: 1022-1030. doi:10.1046/j.
1365-3156.2002.00983.x. PubMed: 12460393.
22. Reddy MR, Overgaard HJ, Abaga S, Reddy VP, Caccone A et al.
(2011) Outdoor host seeking behaviour of Anopheles gambiae
mosquitoes following initiation of malaria vector control on Bioko Island,
Equatorial Guinea. Malar J 10: 184. doi:10.1186/1475-2875-10-184.
PubMed: 21736750.
23. Malima RC, Oxborough RM, Tungu PK, Maxwell C, Lyimo I et al.
(2009) Behavioural and insecticidal effects of organophosphate-,
carbamate- and pyrethroid-treated mosquito nets against African
malaria vectors. Med Vet Entomol 23: 317-325. doi:10.1111/j.
1365-2915.2009.00837.x. PubMed: 19941597.
24. Stevenson J, Laurent BS, Lobo NF, Cooke MK, Kahindi SC et al.
(2012) Novel vectors of malaria parasites in the western highlands of
Kenya. Emerg Infect Dis 8: 1547-1549. PubMed: 22932762.
25. Fillinger U, Kannady K, William G, Vanek MJ, Dongus S et al. (2008) A
tool box for operational mosquito larval control: preliminary results and
early lessons from the Urban Malaria Control Programme in Dar es
Salaam, Tanzania. Malar J 7: 20. doi:10.1186/1475-2875-7-20.
PubMed: 18218148.
26. Mukabana WR, Mweresa CK, Omusula P, Orindi BO, Smallegange RC
et al. (2012) Evaluation of low density polyethylene and nylon for
delivery of synthetic mosquito attractants. Parasit Vectors 5: 202. doi:
10.1186/1756-3305-5-202. PubMed: 22992518.
27. Muirhead-Thomson RC (1958) A pit shelter for sampling outdoor
mosquito populations. Bull World Health Organ 19: 1116-1118.
PubMed: 20604039.
28. Andrianaivolambo L, Domarle O, Randrianarivelojosia M, Ratovonjato
J, Le Goff G et al. (2010) Anthropophilic mosquitoes and malaria
transmission in the eastern foothills of the central highlands of
Madagascar. Acta Trop 116: 240-245. doi:10.1016/j.actatropica.
2010.08.017. PubMed: 20804715.
29. Kweka EJ, Mwang’onde BJ, Kimaro E, Msangi S, Massenga CP et al.
(2009) A resting box for outdoor sampling of adult Anopheles
arabiensis in rice irrigation schemes of lower Moshi, northern Tanzania.
Malar J 8: 82. doi:10.1186/1475-2875-8-82. PubMed: 19393098.
30. Knols BGJ, Farenhorst M (2009) The suitability of clay pots for indoor
sampling of mosquitoes in an arid area in northern Tanzania: A word of
caution. Acta Trop 112: 88-89. doi:10.1016/j.actatropica.2009.06.010.
PubMed: 19559002.
31. van den Bijllaardta W, Braaka R, Shekalaghe S, Otienob S, Mahande A
et al. (2009) The suitability of clay pots for indoor sampling of
mosquitoes in an arid area in northern Tanzania. Act Trop 111:
197-199. doi:10.1016/j.actatropica.2009.04.003.
32. Dia I, Diallo D, Duchemin JB Y, Konate L, et al (2005) Comparisons of
Human-Landing Catches and Odor-Baited Entry Traps for Sampling
Malaria Vectors in Senegal. J Med Enromol 42: 104-109. doi:
10.1603/0022-2585(2005)042[0104:COHCAO]2.0.CO;2. PubMed:
15799517
33. Qiu YT, Smallegange RC, Ter Braak CJF, Spitzen J, van Loon JJA et
al. (2007) Attractiveness of MM-X traps baited with human or synthetic
odor to mosquitoes (Diptera: Culicidae) in The Gambia. J Med Entomol
44: 970-983. doi:10.1603/0022-2585(2007)44[970:AOMTBW]2.0.CO;2.
PubMed: 18047195.
34. Scott JJ, Crans SC, Crans WL (2001) Use of an infusion -baited gravid
trap to collect adult. Ochlerotatus Japonicus J AM Mosq Contr Assoc
17: 142-143.
Development of a Gravid Trap for Malaria Vectors
PLOS ONE | www.plosone.org 10 July 2013 | Volume 8 | Issue 7 | e68948
35. Williams GM, Gingrich JB (2007) Comparison of light traps, gravid
traps, and resting boxes for West Nile virus surveillance. J Vector Ecol
32: 285-291. doi:10.3376/1081-1710(2007)32[285:COLTGT]2.0.CO;2.
PubMed: 18260519.
36. Harris C, Kihonda J, Lwetoijera D, Dongus S, Devine G et al. (2011) A
simple and efficient tool for trapping gravid Anopheles at breeding sites.
Parasit Vectors 4: 125. doi:10.1186/1756-3305-4-125. PubMed:
21722391.
37. Reiter P (1983) A portable battery-powered trap for collecting gravid
Culex mosquitoes. Mosq News 43: 496-498.
38. Allan SA, Kline D (2004) Evaluation of various attributes of gravid
female traps for collection of Culex in Florida. J Vector Ecol 29:
285-294. PubMed: 15707288.
39. Mboera LE, Takken W, Mdira KY, Pickett JA (2000) Sampling gravid
Culex quinquefasciatus (Diptera: Culicidae) in Tanzania with traps
baited with synthetic oviposition pheromone and grass infusions. J Med
Entomol 37: 172-176. doi:10.1603/0022-2585-37.1.172. PubMed:
15218923.
40. Braks MA, Cardé RT (2007) Improving efficacy of box gravid traps for
collecting Culex quinquefasciatus. J Vector Ecol 32: 83-89. doi:
10.3376/1081-1710(2007)32[83:IEOBGT]2.0.CO;2. PubMed:
17633429.
41. Dennett JA, Wuithiranyagool T, Reyna-Nava M, Bala A, Tesh RB et al.
(2007) Description and use of the Harris County Gravid trap for West
Nile virus surveillance. J Am Mosq Contr Assoc 23: 359-362. doi:
10.2987/8756-971X(2007)23[359:DAUOTH]2.0.CO;2.
42. Ferguson HM, Ng’habi KR, Walder T, Kadungula D, Moore SJ et al.
(2008) Establishment of a large semi-field system for experimental
study of African malaria vector ecology and control in Tanzania. Malar J
7: 158. doi:10.1186/1475-2875-7-158. PubMed: 18715508.
43. Dugassa S, Lindh JM, Torr SJ, Oyieke F, Lindsay SW et al. (2012)
Electric nets and sticky materials for analysing oviposition behaviour of
gravid malaria vectors. Malar J 11: 374. doi:
10.1186/1475-2875-11-374. PubMed: 23151023.
44. Hayes RJ, Bennett S (1999) Sample size calculation for cluster-
randomized trials. Int J Epidemiol 28: 319-326. doi:10.1093/ije/
28.2.319. PubMed: 10342698.
45. Gillies MT (1958) A modified technique for the age-grading of
populations of Anopheles gambiae. Ann Trop Med Parassitol 52:
261-273.
46. Lyimo EO, Takken W (1993) Effects of adult body size on fecundity and
the pregravid rate of Anopheles gambiae females in Tanzania. Med Vet
Entomol 7: 328-332. doi:10.1111/j.1365-2915.1993.tb00700.x.
PubMed: 8268486.
47. Irish SR, Moore SJ, Derua YA, Bruce J, Cameron MM (2012)
Evaluation of gravid traps for the collection of Culex quinquefasciatus, a
vector of lymphatic filariasis in Tanzania. Trans R Soc Trop Med Hyg,
107: 15–22. doi:10.1093/trstmh/trs001. PubMed: 23222942. PubMed:
23222942
48. Russell CB, Hunter FF (2010) A modified centers for disease control
and prevention gravid trap for easier mosquito collection. J Am Mosq
Contr Assoc 26: 119-120. doi:10.2987/09-5905.1.
49. Reiter P (1987) A revised version of the CDC gravid mosquito trap. J
Am Mosq Contr Assoc 3: 325-327.
50. Team RDC (2011) R: A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing.
ISBN 3-900051-07-0. Available: http://www.R-project.org/.
51. Seavy NE, Quader S, Alexander JD, Ralph CJ (2005) Generalized
linear models and point count data: statistical considerations for the
design and analysis of monitoring studies. In: Ralph, CJ and Rich TD,
Editor Bird conservation implementation and integration in the
Americas. USDA Forest Service General Technical Report PSW-
GTR-191. pp. 744-753
52. Ritchie SA (1984) Hay infusion and isopropyl alcohol-baited CDC light
trap; a simple, effective trap for gravid Culex mosquitoes. Mosq News
44.
53. Reiter P, Jakob WL, Francy DB, Mullenix JB (1986) Evaluation of the
CDC gravid trap for the surveillance of St. Louis encephalitis vectors in
Memphis, Tennessee. J Am Mosq Contr Assoc 2: 209-211. PubMed:
3507491.
54. Muturi EJ, Mwangangi J, Shililu J, Muriu S, Jacob B et al. (2007)
Evaluation of four sampling techniques for surveillance of Culex
quinquefasciatus (Diptera: Culicidae) and other mosquitoes in African
rice agroecosystems. J Med Entomol 44: 503-508. doi:
10.1603/0022-2585(2007)44[503:EOFSTF]2.0.CO;2. PubMed:
17547238.
55. Minakawa N, Mutero CM, Githure JI, Beier JC, Yan G (1999) Spatial
distribution and habitat characterization of anopheline mosquito larvae
in Western Kenya. Am J Trop Med Hyg 61: 1010-1016. PubMed:
10674687.
56. Mutuku FM, Bayoh MN, Gimnig JE, Vulule JM, Kamau L et al. (2006)
Pupal habitat productivity of Anopheles gambiae complex mosquitoes
in a rural village in western Kenya. Am J Trop Med Hyg 74: 54-61.
PubMed: 16407346.
57. Sumba LA, Ogbunugafor CB, Deng AL, Hassanali A (2008) Regulation
of oviposition in Anopheles gambiae s.s.: role of inter- and intra-specific
signals. J Chem Ecol 34: 1430-1436. doi:10.1007/s10886-008-9549-5.
PubMed: 18946706.
58. Huang J, Walker ED, Giroux PY, Vulule J, Miller JR (2005)
Ovipositional site selection by Anopheles gambiae: influences of
substrate moisture and texture. Med Vet Entomol 19: 442-450. doi:
10.1111/j.1365-2915.2005.00588.x. PubMed: 16336309.
59. Munga S, Minakawa, Zhou G, Barrack OJ, Githeko AK et al. (2005)
Oviposition site preference and egg hatchability of Anopheles gambiae:
effects of land cover types. J Med Entomol 42: 993-997. doi:
10.1603/0022-2585(2005)042[0993:OSPAEH]2.0.CO;2. PubMed:
16465740.
60. Warburg A, Faiman R, Shtern A, Silberbush A, Markman S et al. (2011)
Oviposition habitat selection by Anopheles gambiae in response to
chemical cues by Notonecta maculata. J Vector Ecol 36: 421-425. doi:
10.1111/j.1948-7134.2011.00183.x. PubMed: 22129414.
61. Wachira SW, Ndung'u M, Njagi PG, Hassanali A (2010) Comparative
responses of ovipositing Anopheles gambiae and Culex
quinquefasciatus females to the presence of Culex egg rafts and
larvae. Med Vet Entomol 24: 369-374. doi:10.1111/j.
1365-2915.2010.00913.x. PubMed: 21058965.
62. Muirhead Thomson RC (1946) Studies on the breeding places and
control of Anopheles gambiae and A. gambiae var. melas in coastal
districts of Sierra Leone. Bull Entomol Res 36: 185-252. doi:10.1017/
S0007485300024020.
63. Bentley MD, Day JF (1989) Chemical ecology and behavioral aspects
of mosquito oviposition. Annu Rev Entomol 34: 401-421. doi:10.1146/
annurev.en.34.010189.002153. PubMed: 2564759.
64. Allan SA, Day JF, Edman JD (1987) Visual ecology of biting flies. Annu
Rev Entomol 32: 297-316. doi:10.1146/annurev.en.32.010187.001501.
PubMed: 2880551.
65. Bidlingmayer WL (1975) Mosquito flight paths in relation to the
environment. Effect of vertical and horizontal visual barriers. Ann
Entomol Soc Am 68.
66. Browne SM (1981) Response of mosquitoes (Diptera: Culicidae) to
visual stimuli. J Med Entomol 18: 505-521. PubMed: 6121056.
67. Gillies MT, Wilkes TJ (1982) Responses of host-seeking Mansonia and
Anopheles mosquitoes (Diptera: culicidae) in west Africa to visual
features of a target. J Med Entomol 19: 68-71. PubMed: 6126592.
68. Hoel DF, Obenauer PJ, Clark M, Smith R, Hughes TH et al. (2011)
Efficacy of ovitrap colors and patterns for attracting Aedes albopictus at
suburban field sites in north-Central Florida. J Am Mosq Contr Assoc
27: 245-251. doi:10.2987/11-6121.1. PubMed: 22017088.
69. McCrae AWR (1984) Oviposition by African malaria vector
mosquitoesII. Effects of site tone, water type and conspecific
immatures on target selection by freshwater Anopheles gambiae Giles,
sensu lato. Ann Trop Med Parasitol 73: 307-318.
70. Kennedy JS (1942) On water-finding and oviposition by captive
mosquitoes. Bull Entomol Res 32: 271-301.
71. Eguchi E, Tominaga Y (1999) Atlas of arthropod sensory receptors:
dynamic morphology in relation to function. Tokyo: Springer-Verlag.
216pp.
72. Collins LE, Blackwell A (2000) Colour cues for oviposition behaviour in
Toxorhynchites moctezuma and Toxorhynchites amboinensis
mosquitoes. J Vector Ecol 25: 127-135. PubMed: 11217211.
73. Huang J, Walker ED, Otienoburu PE, Amimo F, Vulule J et al. (2006)
Laboratory tests of oviposition by the African malaria mosquito,
Anopheles gambiae, on dark soil as influenced by presence or absence
of vegetation. Malar J 5: 88. doi:10.1186/1475-2875-5-88. PubMed:
17038187.
74. Bernáth B, Gál J, Horváth G (2004) Why is it worth flying at dusk for
aquatic insects? Polarotactic water detection is easiest at low solar
elevations. J Exp Biol 207: 755-765. doi:10.1242/jeb.00810. PubMed:
14747408.
75. Bernáth BH, [!(surname)!], Gál J, Fekete G, Meyer-Rochow VB (2008)
Polarized light and oviposition site selection in the yellow fever
mosquito: No evidence for positive polarotaxis in Aedes aegypti. Vis
Resour 48: 1449–1455. PubMed: 18490043.
76. Bernáth B, Horváth G, Meyer-Rochow VB (2012) Polarotaxis in egg-
laying yellow fever mosquitoes Aedes (Stegomyia) aegypti is masked
due to infochemicals. J Insect Physiol 58: 1000-1006. doi:10.1016/
j.jinsphys.2012.05.004. PubMed: 22609419.
Development of a Gravid Trap for Malaria Vectors
PLOS ONE | www.plosone.org 11 July 2013 | Volume 8 | Issue 7 | e68948
77. Gillies MT, DeMeillon B (1968) The Anophelinae of Africa South of the
Sahara (Ethiopian zoogeographical region). Publications of the South
African Institute for Medical Research. 54: 1-343.
78. Gimnig JE, Ombok M, Kamau L, Hawley WA (2001) Characteristics of
larval anopheline (Diptera: Culicidae) habitats in Western Kenya. J Med
Entomol 38: 282-288. doi:10.1603/0022-2585-38.2.282. PubMed:
11296836.
79. Minakawa N, Seda P, Yan G (2002) Influence of host and larval habitat
distribution on the abundance of African malaria vectors in western
Kenya. Am J Trop Med Hyg 67: 32-38. PubMed: 12363061.
80. Fillinger U, Sombroek H, Majambere S, van Loon E, Takken W et al.
(2009) Identifying the most productive breeding sites for malaria
mosquitoes in The Gambia. Malar J 8: 62. doi:
10.1186/1475-2875-8-62. PubMed: 19361337.
81. Michaelakis A, Mihou AP, Koliopoulos G, Couladouros EA (2007)
Attract-and-kill strategy. Laboratory studies on hatched larvae of Culex
pipiens. Pest Manag Sci 63: 954-959. doi:10.1002/ps.1418. PubMed:
17708518.
82. BioQuip Products. Available: http://www.bioquip.com/Search/
DispProduct.asp?itemnum=2800A. Accessed: 31 January 2013.
83. Sumba (2004) Daily oviposition patterns of the African malaria
mosquito Anopheles gambiae Giles (Diptera: Culicidae) on different
types of aqueous substrates. J Circ Rythms 2: 7. PubMed: 15596009.
84. Fillinger U, Knols BG, Becker N (2003) Efficacy and efficiency of new
Bacillus thuringiensis var israelensis and Bacillus sphaericus
formulations against Afrotropical anophelines in Western Kenya. Trop
Med Int Health 8: 37-47. doi:10.1046/j.1365-3156.2003.00979.x.
PubMed: 12535249.
85. Majambere S, Lindsay SW, Green C, Kandeh B, Fillinger U (2007)
Microbial larvicides for malaria control in The Gambia. Malar J 6: 76.
doi:10.1186/1475-2875-6-76. PubMed: 17555570.
86. Jarju LBS (2009) Agriculture and the promotion of insect pests: rice
cultivation in. Malar J 8: 170. doi:10.1186/1475-2875-8-170. PubMed:
19635125.
87. Ferguson HM, Dornhaus A, Beeche A, Borgemeister C, Gottlieb M et
al. (2010) Ecology: A prerequisite for malaria elimination and
eradication. PLOS Med 7: 1-10. PubMed: 20689800.
88. Killeen GF, Seyoum A, Knols BGJ (2004) Rationalizing historical
successes of malaria control in Africa in terms of mosquito resource
availability management. Am J Trop Med Hyg 71: 87-93. PubMed:
15331823.
Development of a Gravid Trap for Malaria Vectors
PLOS ONE | www.plosone.org 12 July 2013 | Volume 8 | Issue 7 | e68948
